Field investigations following the 2003 M w = 6.8 Chengkung earthquake in eastern Taiwan revealed some interesting observations of surface geological processes closely related to the co-seismic deformation. We discovered that the Tama Fault, which is about 15 km east of the causative Chihshang Fault, underwent shortening of about 15.5 mm locally in 2001 -2006, particularly during the 2003 earthquake. This shows that ESE-WNW compression affects the upper crust of the Coastal Range and produces significant shortening in addition to that of the major Chihshang Fault. On the hanging wall of the Chihshang Fault, we also found vigorous activities of the two major mud volcanoes during the main shock, lasting several days. To the north, the Luoshan Mud Volcano, a large mud basin, erupted noisily with water and gases during the earthquake. To the south, in the Leikunghuo Mud Volcano, two sets of fractures, one aligned with the N16°E right-lateral fault and the other with the N80°E left-lateral fault, occurred during the earthquake. This conjugate system revealed a strike-slip stress regime with NE-SW compression and NW-SE extension. We interpret it to be the result of local stress permutation rather than regional tectonic stress. We conclude that deformation did occur inside of the Coastal Range, especially during the co-seismic event. Therefore, a better understanding of the internal deformation of the Coastal Range is an important target for future studies, particularly across three mapped faults: the Yungfeng, Tuluanshan and Tama faults. We also want to draw attention to the stress analysis in the mud volcanoes area, where the local stress perturbation plays an important role.
InTRoDuCTIon
Taiwan's active collision and orogeny has occurred since the Late Pliocene to the present, at the contact borders between the NW-moving Philippine Sea plate and the relatively stable Eurasian plate (e.g., Ho 1986) , as revealed in Fig. 1a . The Coastal Range of eastern Taiwan is located at the northwestern corner of the Philippine Sea plate, representing the Luzon Arc units which were thrust over the Quaternary infill of the Longitudinal Valley and the metamorphic rocks of the eastern Central Range (Hsu 1956; Teng and Wang 1981; Angelier 1986; Barrier and Angelier 1986; Ho 1988) . As the major plate suture, the Longitudinal Valley of eastern Taiwan shows a straight, narrow morphological feature separating the high mountains of the Central Range to the west and the Coastal Range to the east (Fig. 1b) .
The Longitudinal Valley Fault (LVF), located mainly along the foot of the Coastal Range adjacent to the Longitudinal Valley, is an active high-angle oblique thrust fault with a left-lateral strike slip component (Barrier et al. 1982; Yu and Liu 1989; Yu et al. 1990 ; Lee and Angelier 1993; Angelier et al. 1997 Angelier et al. , 2000 , along which continuously rapid creep and major earthquakes occur alternately. The largest seismically documented earthquake was the 1951 M = 7.1 Yuli earthquake (Hsu 1962; Bonilla 1975; Cheng et al. 1996) . However, much better geophysical and geological information is available from the 2003 M w = 6.8 Chengkung earthquake ; Lee et al. 2006; Wu et al. 2006; Hu et al. 2007; Kuochen et al. 2007; Cheng et al. 2009; Hsu et al. 2009) (Figs. 1c and d) . The Luzon Arc's collision against Taiwan resulted in the deformed Coastal Range. In the mountain belt of Taiwan, rapid plate convergence occurs along a SE-NW direction between the Philippine Sea plate (including the Coastal Range) and the South China portion of Eurasia (Seno 1977 (Seno , 1987 Yu et al. 1997) . This arc-continent collision (e.g., Suppe 1981; Teng and Wang 1981) induced the rapid emergence of the Taiwan Island in Plio-Pleistocene.
The rock sequences of the Coastal Range are, from bottom to top, composed of the Miocene volcanic Tuluanshan Formation uncomformably overlain by the Plio-Pliestocene deep-sea turbidites of the Takangkou Formation. Along the western flank of the southern Coastal Range, the Lichi Mélange is a distinct unit composed of chaotic mudstones intermixed with exotic blocks of various sizes and lithology (Hsu 1956; Suppe and Liou 1979; Chang et al. 2000) . The Wuhe Conglomerate and Pinanshan Conglomerate, in the middle and southern segments of the Coastal Range respectively, are the youngest units, which are composed mainly of fluvial gravels derived from the metamorphic terrain of the Central Range. These conglomerate units of probable middle-late Pleistocene age (Chi et al. 1983 ) have been folded during the continuing collision of the Luzon arc. For instance, the eastern limb of the Pinanshan Conglomerate shows dips of about 90° against the Lichi Fault ( Barrier and Angelier 1986; Ho 1988; Lee et al. 1998) .
Although the LVF represents the major fault expressing that the Coastal Range thrusts over the Longitudinal Valley, a few geological faults also exist and have been mapped (Lee et al. 2006) . The distribution of the main shock and aftershocks, which formed a listric-shaped in 2-D profile, corresponds to the geometry of the Chihshang Fault.
in the hanging wall of the LVF within the Coastal Range. For instance, the Yungfeng Fault, which is located 3 -5 km east of the LVF, can be considered a backthrust of the LVF (Chang et al. 2000) ; and the Tama Fault, a short segment of about 5 km long, has been mapped near the coastline (Lo et al. 1993) . However, the active deformation, including active faulting and folding, remains little known inside of the Coastal Range. In this paper, we intend to present an outcrop near the Tama Fault, where we observed possible co-seismic deformation inside the Coastal Range as related to the 2003 Chengkung earthquake, although it was of a relatively smaller magnitude.
Within this tectonic framework dominated by active collision, we also address the characteristics of mud volcano behavior as it relates to active shortening and earthquake activity inside the Coastal Range. Two groups of mud volcanoes are both located in the Lichi Mélange of the Coastal Range (Fig. 1c) . To the south, the Leikunghuo Mud Volcano, about 15 km northeast of the town of Luyeh, appears as a mud shield with dozens of big and small craters (Shih 1967; Hsieh et al. 1993 ). This mud volcano essentially developed in the hanging wall of the Yungfeng Fault, a major backthrust of the LVF in the Lichi Mélange. Farther north, the Luoshan Mud Volcano (previously also named Yencheng Mud Volcano by Shih 1967) , 8 km northeast of the town of Fuli, is also located in the same type of backthrust system. This mud volcano is comprised of more than 100 mud ponds scattered over a line for a distance of about 1 km along the hanging wall of the Yungfeng Fault (Shih 1967; Hsieh et al. 1994) . Isotopic chemical analysis from the gas of the mud volcanoes (Hsieh 2000; Chao 2003) indicated that the gas of the Leikunghuo Mud Volcano derived mainly from the turbiditic sediments of the Coastal Range. By contrast, the gas of the Luoshan volcano showed mantle-derived signal. Nevertheless, it appears that the two mud volcanoes in the Lichi Mélange are strongly associated with the Yungfeng Fault, a major backthrust of the LVF.
In this paper, we highlight the close relationships in space and time between the active shortening of an earthquake event that affects the Coastal Range, the Longitudinal Valley, and the erupting events of the mud volcanoes, taking into special consideration the major seismic event of the 2003 Chengkung earthquake.
ThE 2003 ChEngkung EARThquAkE
The Chengkung earthquake of magnitude M w = 6.8 occurred in eastern Taiwan on 10 December 2003. This major earthquake ruptured the Chihshang Fault, one of the most active segments of the LVF. The surface trace of the Chihshang Fault is located at the boundary between the Longitudinal Valley and the western edge of the Coastal Range, roughly from Yuli to the north to Luyeh to the south ( Fig. 1c ) (Lee et al. 2006 ). The hypocenter depth of the Chengkung earthquake was 20 -22 km (Wu et al. 2006; Kouchen et al. 2007 ). Because of the eastward dip of the Chihshang Fault, along which this earthquake occurred, the epicenter of the main shock was located near the shoreline of the Coastal Range, at a distance of about 20 km from the surface trace of the fault, as the seismic cross-section of Fig. 1d shows. The earthquake sequence, including the main shock and numerous aftershocks, was mainly distributed along the NNE striking and east dipping Chihshang Fault (Figs. 1c and d) , forming a patch approximately 35 km long (along strike) and 25 km wide (in the downdip direction) (Lee et al. 2006; Ching et al. 2007 ). The focal mechanism solution of the main shock showed a nearly pure thrust event with minor left-lateral component (strike 37°, dip 50° and rake 94°) (Wu et al. 2006; Hu et al. 2007; Kuochen et al. 2007) .
No human lives were lost during the Chengkung event and the damage was generally moderate. Typical examples of damage on man-made structures around the epicenter area are shown in Fig. 2 , including a harbor dyke fracturing ( Fig. 2a) , fissuring in pillars of a school building (Fig. 2b) , and rupturing of walls in occupied houses (Fig. 2c) . In addition, a few landslides and large numbers of surface cracks developed, not only near the epicenter but also along the surface trace of the Chihshang Fault at a distance of about 20 km west of the epicenter.
From the seismotectonic point of view, the focal mechanisms of the Chengkung earthquake sequence, including the main shock and a few larger aftershocks, are clearly compatible with the general SE-NW direction of compression Kuochen et al. 2007 ) that prevails across the whole Coastal Range and the Longitudinal Valley of eastern Taiwan during the interseismic period (Barrier and Angelier 1986).
InTERSEISMIC AnD CoSEISMIC ShoRTEnIng wIThIn ThE CoASTAl RAngE AnD ACRoSS ThE ChIhShAng FAulT
Before the 2003 Chengkung earthquake, the most damaging activity of the Chihshang Fault occurred during the M = 7.1 Yuli earthquake sequence (with apparently a pre-shock of M = 6.2 earthquake near Chihshang) in 1951 (Cheng et al. 1996) . Since then the Chihshang Fault has been undergoing a rapid continuous creep, which caused abundant cracks in man-made constructions such as buildings, bridges, retaining walls and concrete water channels along the surface trace of the fault (Barrier and Chu 1984; Lee 1994; Angelier et al. 1997 Angelier et al. , 2000 .
The pattern of surface interseismic displacement velocity across the Chihshang Fault that resulted from geodetic GPS surveying (mostly from 1992 -1999) is shown in Fig. 3a which accounted for about 38% of total plate convergence, as compared to 82 mm yr -1 in direction 317 -330° across the whole mountain belt. In addition to shortening across the LVF, the GPS velocity indicates that horizontal shortening of approximately 8 -10 mm yr -1 occurred inside of the Coastal Range. As a result, the Coastal Range is seemingly undergoing deformation during the interseismic period.
The 2003 Chengkung earthquake revealed significant surface deformation with two opposite fan-shaped horizontal displacements on both sides of the 35-km-long Chihshang Fault according to the coseismic GPS measurements Ching et al. 2007) (Fig. 3b) . The maximal co-seismic horizontal displacements of about 20 -25 cm occurred around the epicentral area. However, the co-seismic displacement decreased dramatically near the surface trace of the Chihshang Fault. Close to the fault and near the surface level, the Chengkung earthquake produced a relatively small co-seismic slip and a relatively larger post-seismic slip along the Chihshang Fault (Lee et al. 2006; Chang et al. 2009; Cheng et al. 2009; Hsu et al. 2009 ). For instance, the creep meters at the Chinyuan site exhibited less than 1 cm of co-seismic shortening during the main shock (Lee et al. 2006 ). The total displacements, including co-seismic and 4-month post-seismic displacements, obtained from measurements of the geodetic networks across the Chihshang Fault zone were 7 -12 and 6 -11 cm, for horizontal shortening and vertical offset respectively (Lee et al. 2006) . Lee et al. (2006) and Chang et al. (2009) interpreted that the fault had undergone strongly elastic coupling or partial locking at shallow depths according to velocity-strengthening friction behavior, which impeded dynamic rupturing of the Chengkung earthquake from propagating up to the surface.
The deformation across the Longitudinal Valley and the Coastal Range, especially regarding its inter-seismic versus co-seismic components, was accommodated in a complex way (Fig. 3) . Most of the accommodated shortening runs across the LVF with a small though non-negligible portion in the Coastal Range, the upthrust block of the LVF.
As a typical illustration, we found field evidence of active shortening near Tungho village (location in Fig. 1 ), close to the eastern coastline of the Coastal Range. We observed fractures that offset concrete retaining walls (Fig. 4) along the Cross Coastal Range Highway (No. 23). These fractures certainly existed before the Chengkung earthquake, having been observed for the first time in October 2001. They form small conjugate systems of reverse-fault type, clearly indicating compression approximately parallel to the road that trends N121°E. Geologically, these fractures are located in the hanging wall of the Tama fault (location in Fig. 1c) , a 5-km-long thrust fault within the Coastal Range (Hsu 1956; Lo et al. 1993) .
We have installed local networks of bolts on the side of the fractured wall in the site. Two WNW-trending networks (Networks A and B in In the absence of other major earthquakes between October 2001 and September 2006 save that of the Chengkung earthquake in December 2003, it is reasonable to say that most of the shortening must have been caused by the latter when it struck. The absence of strike-slip displacements on fractures indicates that the direction of shortening is close to The results above demonstrate that active shortening (inter-seismic or co-seismic) does not merely affect the Longitudinal Valley Fault, but also some pre-existing faults inside the Coastal Range (e.g., the Tama Fault for the Tungho case). Viewed from this perspective, the shortening of more than 1 cm recorded by the Tungho network, presumably caused mostly by the Chengkung earthquake, should be considered as significant.
ERupTIonS AnD FAulTIng AT MuD VolCAnoES DuRIng ThE ChEngkung EARThquAkE
A major aim of the study was to investigate the possible relationships between earthquakes and eruptions of mud volcanoes. In addition to our geological investigation in the two mud volcanoes in the vicinity of the Chihshang Fault, Luoshan and Leikunghuo, we conducted a systematic oral enquiry with local villagers soon after the Chengkung earthquake to identify the location, time and amplitude of eruptions with special reference to the earthquake. According to observations by nearby inhabitants, a large mud basin of the Luoshan Mud Volcano near the house numbered 52, Luoshan village (Fig. 6) , erupted with water, gases and strong noise, accompanied by the main shock of Chengkung earthquake on 10 December 2003. The erupting muddy water, which reached more than 2 m in height, continued to spew out intermittently thereafter for about two days. Eventually, the flow stopped and the water drained. The quake also opened up a few cracks in a nearby countryside road.
The case of the Leikunghuo Mud Volcano differs. Because of the absence of inhabitants within a distance of 5 km, nobody witnessed the eruption, if any, at the time of the Chengkung earthquake. When we carried out field investigation two months later, in early February 2004, the surface of Leikunghuo Mud Volcano was dried out for over 90% of the area. Although no direct evidence of mud or water eruption could be identified, large fresh strike-slip faults, including right-and left-lateral ones, were observed, cutting through the mud shield (Fig. 7) . Later, on 19 June 2004, while visiting again this mud volcano, by happenstance, a large aftershock of magnitude M w = 4.5 occurred at 10:53 am. We felt like standing on a water bed, wherein it contents we sloshing around when the shock struck; however, no water or mud spewed out immediately. According to the later seismic report of the Central Weather Bureau, the epicenter was located at the foot of the Central Range near Kuanshan, about 10 km west of the Leikunghuo Mud Volcano. This observation suggests that a likely liquefaction occurred at Leikunghuo during the earthquake, although the water beneath the mud volcano did not reach the surface to erupt. It is worth noting that the Leikunghuo Mud Volcano was relatively more quiescent for the last 15 years than before, without significant water or mud eruption. In contrast, about twenty years ago, one could observe frequent water eruptions at Leikunghuo, commonly reaching heights of one metre or more.
The Leikunghuo Mud Volcano area is about 150 m long and 50 m wide. A series of mud volcano shields, with about 80 erupting holes, align approximately in the direction of N165°E (NNW-SSE), sub-parallel to the local trend of the LVF. Fresh fractures, which probably developed during the Chengkung earthquake, revealed a seemingly conjugate system of strike-slip faults. We found a typical set of fractures with a N16°E-trending right-lateral fault (Fig. 8a) and another set of fractures revealing a N75 -95°E trending left-lateral fault (Fig. 8b) . This conjugate system is consistent with a transtensional stress regime indicating a NE-SW compression and NW-SE extension (Figs. 8c and d) . The stress orientation does not reflect the usual seismotectonic orientation recorded in the Coastal Range and Longitudinal Valley, typically dominated by a WNW-ESE compression, and hence should be interpreted as a result of a local stress concentration rather than an expression of regional tectonic stress.
DISCuSSIon AnD ConCluSIon
Previously in eastern Taiwan, the ongoing shortening/compression in terms of active tectonics across the Longitudinal Valley and the Coastal Range has been well documented. A variety of geodetic and seismological studies supports the dominance of active ESE-WNW compression in the upper crust (Barrier and Angelier 1986; Yu et al. 1990; Yeh et al. 1991; Kao and Angelier 2001; Yu and Kuo 2001) . Not only did the Chengkung earthquake sequence directly illustrate this aspect (Lee et al. 2006; Wu et al. 2006; Hu et al. 2007) , it also revealed some complexity in block movement and lateral escape (Angelier et al. 1997; Chung et al. 2008) .
Local studies of the Chihshang Fault revealed a rather stable shortening rate of 22 -27 mm yr -1 during the period 1986 -1999 (e.g., Angelier et al. 2000) followed by a decreasing creep rate from 22 to 14 mm yr -1 during the period 2000 -2003 . After the 2003 Chengkung earthquake, which caused a small co-seismic slip and a larger post-seismic slip around the surface trace of the fault, the total co-and post-seismic displacements came to be 12 and 11 cm for the horizontal shortening and the vertical offset respectively, about four months later. To summarize, all available data indicated a strong concentration of convergence motion along the Chihshang Fault.
This general picture of the tectonic framework, however, needs some adjustment. Minor but significant shortening seemingly took place inside the Coastal Range. Observations near the Tama Fault revealed that active shortening of about 15.5 mm locally occurred near the eastern coast of the Coastal Range within five years, between October 2001 and September 2006 (section 3 and Fig. 5 ). This shows that ESE-WNW compression affects the upper crust of the Coastal Range of the Philippine Sea plate and produces significant shortening in addition to that of the major thrust, the Chihshang Fault. Therefore, despite the primary importance of shortening across the Longitudinal Valley a better understanding of the internal deformation of the Coastal Range is an important target for future studies, especially across three mapped geological faults: the Yungfeng Fault, Tuluanshan Fault and Tama Fault (Fig. 1) .
Our investigation at mud volcanoes also showed that the volcano eruptions are a direct consequence of compression during earthquakes. Systematic enquiry with local villagers and field investigation indicated that strong eruptions with water, gases and noise occurred in the Luoshan Mud Volcano. Furthermore, field study in and around mud volcanoes revealed that conjugate system of right-and left-lateral strike-slip faults developed at the surface of Leikunghuo Mud Volcano after the Chengkung earthquake. Additional observations, such as crack formation in a road near Luoshan or the response of the Leikunghuo Mud Volcano to an earthquake of magnitude M w = 4.5 on 19 June 2004, con- firmed that these mud volcanoes and their surroundings may react strongly to earthquakes, presumably due to increasing water and gas pressure in underground conduits (e.g., the Luoshan eruption on 10 December 2003) and possible local liquefaction (e.g., at Leikunghuo on 19 June 2004). However, any conclusion in terms of direction of compression should be considered with caution, as the stress generated seems highly influenced by fluid behavior and local sediment response, rather than being a simple expression of surrounding crustal stress.
Specifically, significant differences in mud volcano behavior exist, such as the probable absence of significant eruption of the Leikunghuo volcano during the Chengkung earthquake. This difference may be accounted for by underground water status. In the case of the Luoshan Mud Volcano the upper sedimentary section was locally saturated with water because of the presence of the neighbouring waterrich Yen-Cheng River. In contrast, the Muken River near the Leikunghuo Mud Volcano was often water-deficient and could not supply abundant groundwater for eruption. However, both the fracture development related to the 10 December 2003 Chengkung earthquake and the liquefaction phenomenon during the 19 June 2004 major aftershock concur to reveal high sensitivity of the Leikunghuo Mud Volcano to earthquakes, even though eruptions did not occur probably because of an insufficient water supply.
A problem remains regarding the mechanism of local faulting observed at Leikunghuo. The compression indicated by the fractures in the mud shield of the volcano trends surprisingly NE-SW, perpendicular to that commonly observed in the Coastal Range as a result of NW-SE convergence between the Philippine Sea plate and the Central Range of Taiwan. In other words, the stress pattern reconstructed from these local strike-slip fractures is nearly opposite to that commonly observed in the Coastal Range, through a permutation between principal stress axes, σ 1 (maximum, compressive stress) and σ 3 (minimum, extensive stress). Although local fractures are not numerous, their sense of relative displacement is certain. We infer that this compression reflects local co-seismically induced perturbation of seismotectonic stress in the mud volcano area, with permutation between maximum and minimum stress. Such faults were not observed outside of the mud shield area, thus supporting this hypothesis. In fact, large numbers of minor faults have been observed inside the Coastal Range (Barrier and Angelier 1986) , and they were found clearly compatible with the WNW-ESE compression that results from the ongoing plate convergence. Stress permutations have also been documented elsewhere in the world from geological and mechanical analyses (Angelier and Bergerat 1983; Hu and Angelier 2004) . Although the mechanism of stress permutation still remains unknown at the Leikunghuo site, this contrast suggests that the local fault system that we observed in this mud volcano area results from such a phenomenon and should not be interpreted as a direct expression of regional tectonism. Thus the most important conclusions of our studies deal with (1) the presence of significant active shortening inside the Coastal Range, as documented by our measurements across the Tama Fault near Tungho, and (2) the behavior of mud volcanoes while studying active co-seismic deformation. Thus earthquake can affect faulting and mud volcanoes at distances far away from the main shock; directly, as documented at Luoshan by water and gas eruption during the 10 December 2003 Chengkung earthquake and, indirectly, at Leikunghuo by the phenomena of fracturing during the Chengkung earthquake, and liquefaction during the 19 June 2004 major aftershock.
